We propose an improvement for nanopore-based DNA analysis via transverse transport using graphene as transverse electrodes. Our simulation results show conspicuous distinction of tunneling current during translocation of different nucleotides through nanopore. Applying the single-atom thickness property of graphene, our findings demonstrate the feasibility of using graphene as transverse electrodes in future rapid and low-cost genome sequencing.
Introduction
Nanopore-based DNA analysis is a fast rising star as a singlemolecule technique, and most apt to be the next generation of DNA sequencing [1] . With longitudinal electric field, DNA molecule is forced to pass through the pore with nanometer scale, presenting obvious current blockage signal by blocking the ion flux through the pore. Pioneer works have been done with biological pores and channels, such as α-hemolysin [2] , which provides a predefined, repeatable, and precise pore structure atomically and a series of limitations, like short lifetime and sensitivity to environment conditions, as well. To overcome these disadvantages, solidstate nanopore [3] was introduced with the developing technology of nanofabrication [4] , which shows great durability, possibility for geometry controlling, and compatibility with semiconductor industries [5] . Real-time DNA sequencing is still a big challenge nowadays because the method of longitudinal current detection only focused on the distinctive geometry and structure of four kinds of nucleotides, and great challenge remains such that the nanopore is too thick to realize single-base resolution and translocation of single base is too fast for recording (microseconds per base) [6] . An alternative approach in measuring the transverse current to get single-base resolution was put forward by Zwolak and Ventra in 2005 [7] . The basic idea is when the bases are passing one by one through a voltage-biased tunnel gap inside a solid-state nanopore, they will alternately change the tunneling current based on how the localized base states contribute to the tunneling current since different bases have different local electronic densities of states with different spatial extent owing to their different chemical composition [8] . Intensive calculation work had been reported based on transverse current of different electrodenucleotide couplings, spreading from the influence of noise [9] and environment [10] to the modification of electrodes [11] . However, most of them encountered the problem of interference of adjacent nucleotides when they are in the nanopore simultaneously. Since the length of DNA molecule is 0.32 nm per nucleotide, much smaller than the thickness of most available materials for transverse electrodes, it is hard to distinguish the neighboring nucleotides, even using the electrodes comprised of 3 × 3 gold atoms arranged as a (111) surface [8, 12] .
Graphene is a two-dimensional hexagonal carbon lattice that was recently discovered [13] and has attracted intensive research attention due to its unique mechanical and electric properties [14] . Its single-atom thickness, ability to survive large transmembrane pressures, and intrinsic conducting properties [15] make it particularly attractive in DNA sequencing field since it holds hope for enabling transverse conductance measurements with single-base resolution. DNA translocation experiment through graphene nanopores has been reported recently by three independent groups [16] [17] [18] , while, in their study, graphene only acts as supporting membrane for nanopores, instead of the transverse electrode to measure tunnelling current. Making graphene as transverse electrode to resolve DNA conductance with single-base resolution experimentally is still very challenging nowadays. A numerical simulation was presented for achieving DNA transverse conductance via graphene nanogap [19] , making grapheme-based transverse conductance a promising candidate for robust DNA sequencing. However, nanogap may allow several DNA sequences to pass the gap simultaneously, which may lead to interference problems. Herein, we propose and theoretically demonstrate a quantum transport simulation using graphene to comprise the transverse electrodes embedded in an SiN nanopore, which can avoid the problem of simultaneous DNA sequence translocation from the nanogap since nanopore has less dimension size compared with nanogap. SiN is used here to act as supporting membrane for graphene. From the simulation results, there exists a perfect exponential relation between the transport current and transverse voltage applied to the electrodes within an appropriate range, and, fortunately, significant distinction between different nucleotides has been demonstrated, implying the feasibility of this method in rapid genome sequencing.
Model and Method
Figure 1(a) presents the working principle of a nanoporebased DNA analysis: ssDNA is forced to translocate a nanopore by a longitudinal electric field (E L ), and the transverse current is measured via graphene transverse electrodes which are applied on defined voltage. Figure 1(b) shows the cross-section view of our simulation system: single-layer graphene electrodes are embedded in a 6 nm SiN layer and covered with a 1∼2 nm insulating layer, which are hidden in the graph. The graphene electrodes are 7.4Å wide and 12.1Å apart, which is also the diameter of the nanopore in the SiN membrane. SiN membrane is used because it is most commonly used in DNA translocation experiment in solid-state nanopore field. The diameter is wide enough for a ssDNA to pass through and narrow enough to hamper two ssDNAs to translocate simultaneously and achieve a measurable tunneling current. Figure 1 (b) only shows part of the graphene electrodes and one nucleotide of a DNA sequence, since the rest parts of the nanopore device do not affect the tunneling effect and the thickness of electrodes is much smaller than the scale of the nucleotide molecule.
The simulation process is implemented as follows. First, the position of the nucleotides were set by manual control, in order to get an appropriate coupling of the maximum tunneling current with the electrodes' atoms. The relative positions of four kinds of nucleotides to the graphene electrodes were set up the same, located by the same part, the deoxyribose, of the nucleotides. Then the system of this time section, in which the base is in the flat location of the graphene electrodes, providing the strongest and most characteristic signals of tunneling current in the entire translocation process, was calculated by Atomistix ToolKit (ATK), a quantum transport simulation software, within the extended Hückel method, a semiempirical quantum chemistry method, developed by Hofmann in 1963 considering both pi and sigma orbitals [20] . Using this method, we can get the electronic distribution of the system and deduce the corresponding electric properties, such as the transmission spectra and so on. Finally, transverse currents from the transmission spectra were calculated via nonequilibrium Green's function method [21] and the current curves were contrasted to make our final conclusion. Regarding the issue of strand orientation as it passes through the nanopore, previous calculations showed that the proposed graphene nanopore device is essentially insensitive to strand orientation [22] . Therefore, we did not pay special attention to strand orientation issue during simulation.
Figures 2(a)-2(d) show the transmission spectra of adenosine, thymidine, cytidine, and guanosine under the same bias voltage of 2.4 V (±1.2 V on each graphene transverse electrode), respectively. Because the transmission coefficient of each nucleotide, as well as the tunneling current, is quite different from each other, nearly one or two orders, to hold the maximums of four diagrams the same, we use different scale in each figure. In Figure 2 , we could easily pick out the unique and characteristic resonance levels for each kind of nucleotide. We see clearly the characteristic resonance levels for each kind of nucleotide, which results from their unique base types. This could be the foundation of real sequencing in the future. Here, the "windows" of the spectra are determined by ε R and ε L , the bias voltages applied on the graphene electrodes. Consider the well-known formula for the transverse current, as follows [23] :
in which, L, R imply the left and right graphene electrode of our system, V = ε L − ε R is the bias voltage, T LR is the transmission coefficient, shown in Figure 2 , which is calculated from the Hamiltonian matrices of the system, and f (ε − ε (L/R) ) is the Fermi distribution function. The equation shows that the transverse electrical current is proportional to the sum of the transmission peaks inside the bias voltage range, which is called the "window." By this method, the tunneling current could be calculated easily with a Python script of ATK, using the extended Hückel method. which is from 1.4 V to 3.0 V in our case, the conclusion before could be held. Our next simulation with four different nucleotides was carried out in this voltage range. Figure 3 (b) represents the transverse current ln I-V curves of four nucleotides, ranging from 2.0 V to 2.6 V with the same step of 0.2 V.
Simulation Results and Discussion
All four curves express linear relationship within this voltage range and show conspicuous distinction between different nucleotides, nearly one or two orders to each other, which agrees with the results by Zwolak and ventra [7] , although in a different arrangement of the current intensities. This may result from the different coupling of nucleotides with graphene and nucleotides with Au, which Zwolak used as transverse electrodes in his simulation. The distinct difference in ln I at the same bias voltage for each nucleotide indicates a potential sequencing approach by using graphene transverse-electrode-based nanopore: we can utilize transverse current to characterize electronic signatures of each nucleotide. Such transverse current distinction between different nucleotides may result from the geometry dimensions of the different base types. We could see clearly that the current has a same arrangement as the sizes of the four base types (i.e., G, T, C, A). Because the nanopore is just a little bigger than the nucleotides, the tunneling effect is very sensitive to the distance between transverse electrodes. So the small difference in base size will lead to great discrepancy in transverse current. The second reason may be the different interaction between graphene electrodes and base atoms. For instance, the guanosine and cytidine with three hydrogen bonds in the bases have much higher currents than the thymidine and adenosine with two ones. The tunneling current may come from the hydrogen bond on the base, which has been discussed before [24] . Because the thickness of graphene is only single atom, the distance between the electrode and the translocating nucleotide (less than 1Å) is much less than that of the neighboring ones (more than 3Å), as well as the interaction between them. Thus we need not to consider the interference from the neighboring nucleotides in our calculations.
At last, we could conceive the experimental realization of the proposed method. First, transfer and locate a graphene ribbon, narrow enough to compare with the diameter of the nanopore we expect, on the SiN membrane. Then use transmission electron microscope to fabricate a nanopore on the membrane [25] , where the graphene ribbon is located. When the pore is fabricated, the graphene ribbon is cut off into two segments, just on the two sides of the nanopore, and can act as transverse electrodes. After being covered with an insulating layer, the nanopore device with graphene transverse electrodes is fabricated. Here, the most challenge maybe the graphene ribbon is very difficult to manipulate at such narrow scale.
Summary
In summary, quantum transport simulation using graphene as transverse electrodes was carried out in nanopore-based-DNA analysis, and the obtained ln I-V curves show exponential relation between the current and the voltage. Moreover, distinguishable distinctions in ln I under same bias voltage between different nucleotides were demonstrated, indicating the feasibility of the nanopore-based DNA analysis via graphene electrodes. Such findings are fundamentally useful toward the ultimate goal of inexpensive and fast DNA sequencing.
